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Single oligo(phenylene-vinylene) molecules constitute model systems of chromophores in disordered conjugated
polymers and can elucidate how the actuahformationof an individual chromophore, rather than that of an
overall polymer chain, controls its photophysics. Single oligomers and polymer chains display the same range
of spectral properties. Even heptamers suppegtectron conjugation across80° curvature, as revealed by

the polarization anisotropy in excitation and supported by quantum chemical calculations. As the chain becomes
more deformed, the spectral linewidth at low temperatures, often interpreted as a sign of aggregation, increases
up to 30-fold due to a reduction in photophysical stability of the molecule and an increase in random spectral
fluctuations. The conclusions aid the interpretation of results from single-chain Stark spectroscopy in which
large static dipoles were only observed in the case of narrow transition lines. These narrow transitions originate
from extended chromophores in which the dipoles induced by backbone substituents do not cancel out.
Chromophores in conjugated polymers are often thought of as individual linear transition dipoles, the sum of
which make up the polymer’s optical properties. Our results demonstrate that, at least for pheviglgeaes,

it is the actual shape of the individual chromophore rather than the overall chromophoric arrangement and
form of the polymer chain that dominates the spectroscopic properties.

Molecular-level engineering in plastic electronics requires a yielded detailed insight into the conformation of the polymer
precise understanding of how a particular physical or chemical chain?.811.1315 very little is known about the shape of the
structure impacts on the physical properties of the material. individual chromophoreBecause a physical bend can poten-
Disorder effects on the ensemble level can often mask the subtletially interrupt thez-electron conjugation, the chromophore is
interplay between function and structure. Large macromoleculesgenerally thought to be linearly extended in space leading to
such as conjugated polymers are particularly prone to energeticlinearly polarized absorptight® However, building on the earlier
disorder, which gives rise to substantial spectral broadening andrealization that isolated polyphenyls may be able to adopt
is generally attributed to aparticle in a box-like picture of nonplanar conformatiorid,recent quantum chemical studies,
varying chromophore lengtiDisorder effects have commonly  along with ultrafast luminescentehave suggested that the
been investigated in matrix isolated materials, such as polyenesindividual chromophore itself may support a certain degree of
where subtle interplays between molecular shape and electronichending, thus inducing polarization loss without sacrificing
structure have been identifi@d® However, matrix isolation on s-electron delocalization.

its own is not sufficient to overcome disorder but merely helps |, this letter we report single-molecule spectroscopy of large

to screen intermolecular effects. The intrinsic molecular proper- oligomers of 2,5-di(2ethylhexyloxy)-1,4-phenylene-vinylene)
ties themselves are accessible with single-molecule spectrosypep.py structures given in Figuré 2) and compare these

copy. Although this technique helps to overcome the ensemble g ,ts 1o measurements of the structurally related highly

limitations, a single polymer chain can still contain many jisordered model
= polymer poly(2-methoxy-3-&hyl-hexyl-
chromophore$:12 Energy transfer between these chromophores oxy)-1,4-phenylene-vinylene) (MEH-PPV). A wide range of

can mask the true photophysics of the individual spectro- goqroscopic properties, previously associated with interchro-
scopic unit. Although polarization-resolved spectroscopy has mophoric interactions, are observed in the isolated chro-

* Corresponding authors. E-mail: enrico.dacomo@physik.uni-muenchen.de; mophore?2%2'Remarkably, the fluorescence linewidth correlates

|UDTt0n@physics-_utah.edu. o with polarization anisotropy, which provides a direct measure
. b‘:}?\‘/’é‘?s'i’t‘,gaﬁ'?nqsungu”'Vers'fa of chromophore conformation. In agreement with recent inves-
$Los Alamos National Laboratory. tigations of the twisting of single biphenyl untsyve find that
'University of Utah. even the shortest oligomers (7mers) can support a curvature of
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Figure 1. Thermodynamically viable conformations of a phenylene
vinylene heptamer, the model system of an MEH-PPV chromophore.
The calculated heat of formation and oscillator strength of the oligomer
are shown as a function of bending angle (a) out of the plane of
conjugation; (b) in plane. The dashed lines indicate room-temperature
thermal energy above tite= 0° conformation. The oligomer can bend

by over 50 in either direction without loss of conjugation and oscillator
strength.

Photoluminescence intensity

2
K1
s

520 540 560 580 600 620
Wavelength (nm)

Figure 2. Examples of single chromophore luminescence spectra of
six single phenylenevinylene chains recorded at different spots

Letters

chromophores constitute the fundamental units of the macro-
molecule responsible for emission and absorption. Measurements
of the polarization anisotropy in excitation of a single polymer
chain can provide insight into the spatial arrangement of the
chromophores on the chainassuming that the absorption
transition dipole lies along the chromophore long 8% In
order to assess the actual shape of the individual chromophores,
we employ suitable oligomeric model systems with optical
properties virtually identical to those of the polymer. Oligomers
ensure that emission and absorption occur from the same
chromophore without intramolecular interchromophoric energy
transfer contributing to depolarizatid$:1113-15 Figure 1 sum-
marizes quantum chemical molecular dynamics calculations of
a DEH-PV heptamer, which serves us as a model of an MEH-
PPV chromophore. The calculations follow the previously
reported excited-state molecular dynamics procetftire.assess

a particular bending ang® we enforce a molecular distortion

by fixing the positions of the outermost atoms, optimize this
constrained geometry, and compute the according heat of
formation at optimal constrained geometry. This approach
enables us to link theory to experiment: the molecules in the
experiment are inevitably dispersed in a matrix and experience
external forces that are not accounted for in a structure geometry
optimized in vacua Figure la plots the calculated heat of
formation and oscillator strength of thesystem as a function

of bending angle of the chain out of the plane. The dashed line
indicates the thermal energy at room temperature relative to
the stretched conformation. Distortions of up to°5@re
thermodynamically viable without having to invoke additional
external forces, which may potentially be exerted by the matrix.
The distortions only have a minimal effect on conjugation of
the system, as determined by the oscillator strength of the
transition and the spatial delocalization of the respective
transition density (not showr}.Similar distortions are possible
for chain bending within the plane (panel b). Because the
oscillator strength is not affected significantly, we expect to
observe equally bright molecules with different degrees of
polarization anisotropy in excitation.

We performed low-temperature (5 K) single-molecule spec-
troscopy on well-defineghara-phenylene-vinylene oligomers
(OPVs) of 7 and 17 repeat units. Mass spectrometry confirmed
the monodispersity of the samples and agreed with the calculated
molecular weights. Nuclear magnetic resonance spectroscopy
revealed that the chains are generally in the all-trans configu-
ration in solution, as sketched in Figure 2. We cannot exclude
at the present stage, however, that a trapping of cisoid isomers
occurs in the solid state. All monomers are uniformly alkyloxy-
substituted in the 2,5 position of the benzene ring, but a
considerable stereoirregularity is to be expected due to the
possibility of the alkyl side chains rotating about the oxygen

(displaying narrow/broad spectra) on the three samples at 5 K. (a) OPv atom. Samples were prepared by dissolving the compounds in

7mer, (b) OPV 17mer, (c) MEH-PPV. Oligomers and polymers display

toluene at concentrations of 18 M, adding Zeonex as a host

essentially the same spectral features, demonstrating that the oligomergolymer matrix, and spin-coating the solutions on top of SiO

can indeed serve as models of polymer chromophores.

up to~80° without loss of conjugation. The spectral properties
of the chromophore and thus of the polymer chain are strongly
influenced by the chromophoshaperather than being solely
controlled by itssize Most importantly, the emission becomes
more stable for straight chromophores, an observation clearly
relevant to device operation.

A conjugated polymer chain is generally thought to experi-
ence spatial disruptions to theelectron system, leading to the
formation of discrete chromophoric units on the chain. These

covered silicon wafers to yield films 30 nm thick. The samples
were prepared in a dry nitrogen glovebox to minimize any
potential influence of oxygen or moisture on the molecular
conformatiori-811 and subsequently mounted in a helium cold
finger microscope cryostat under a vacuum oféLthbar and
studied using an epifluorescence microscope described else-
where? Luminescence was excited by an*Alaser (488 nm,

up to 200 W/cr intensity) and detected in 10 s integration
windows. The spectra of single chains were recorded from
almost diffraction-limited spots of approximately Am in
diameter.



Downloaded by LOS ALAMOS NATL LAB on July 30, 2009
Published on March 29, 2008 on http://pubs.acs.org | doi: 10.1021/jp800870p

Letters J. Phys. Chem. B, Vol. 112, No. 16, 2008361

Figure 2a illustrates examples of spectra measured for two  Following ref 8, the emission intensitya) was recorded for
single heptamer molecules (located at different substrate spots)a minimum of two complete rotations of the angle of laser
One spectrum is narrow~3 meV peak width) and peaks at polarizationo. and is described accurately by the relatl¢n)

520 nm, whereas the other spectrum is much broad@d (neV 01+ M cos 20 — ¢), whereM constitutes the polarization
width), peaking further in the red at 550 nm. We typically anisotropy and the phase angle of each individual molecule.
observe that the narrower spectra occur at shorter wavelengthsM = 1 denotes a fully extended chain, wherdds= 0
Virtually identical spectral features are observed for single corresponds to a molecule that can absorb light of all polariza-
chains of the 17mer model compound, shown in panel b. Paneltions and is therefore strongly deformed. Because a single
c displays exemplary spectra for single MEH-PPV chains, in oligomer should give rise to precisely one dipole transition in
agreement with prior reports1® In summary, the spectra of emission,M is independent of emission wavelength and we
all three materials span the same characteristics over a range otherefore integrate intensity over the entire spectral region of
505-595 nm, the only subtle difference being a slight increase emission. We studied the 7mer to ensure that the chain contains
in vibronic intensity due to stronger electrephonon coupling exactly one chromophore. Surprisingly, we find that the
in the less delocalized oligomeric systefAsThe spectral polarization anisotropy correlates directly with the transition
similarity of oligomers and polymers demonstrates that the linewidth as shown in Figure 3a. The narrow spectral features
heptamer is indeed a suitable model system to study thecorrespond to the most extended oligomers, while the broad
conformationof chromophores in MEH-PPV. We previously  spectra originate from bent units. In contrast to the case of MEH-
linked the broadened spectral features to self-aggregation of PPVE a histogram of the polarization anisotropy (not shown)
multiple chromophores on a single chdi#, following well- indicates that there is no apparent preferential conformation the
established assignments from ensemble spectrog€dpy¥he oligomer will take: the values scatter evenly so that no distinct
fact that equal spectral signatures are observed in short oligomerspecies can be identified. We note that the lowest polarization
and long polymer chains, however, illustrates that spectral anisotropies §I — 0.1) suggest that the oligomer is bent by
broadening in the single chain emissicannot be due to almost 80. At the same time, the conjugation is not disrupted
interchromophoric contacts because this would lead to a dramatic shortening of the exciton

The poss|b|||ty of intermolecular aggregation or dimerization confinement Iength with the associated blue shift and reduction
occurring in the oligomers and giving rise to spectral broadening in oscillator strength seen in shorter oligom&r$hese observa-
can be read”y excluded as Sing|e_step photob|eaching istions are in agreement with our theoretical mOdeling (Figure
observed, illustrating that only one molecule is present in 1), Which suggests the occurrence of chain bending without
the measurement spot at a time. In addition, the low concen- strong modification of the total molecular energy and the
tration of molecules employed makes intermolecular aggre- transition oscillator strength.
gation extremely improbable. Because the transition energy of It is not immediately obvious how a molecular distortion
the OPV series does not converge to that of the polymer for impacts the transition energy. At first glance, a simpégticle
units shorter than the hexan®r’ we note that within our in a boxpicture would appear to imply that increased distortion
experimental conditions (488 nm excitation) it is not pos- of the exciton’s confinement potential should lead to a blue-
sible to excite a self-aggregate of two chromophores (e.g., two shift of the emission. Such a shift can be reproduced by
trimers) within a single heptamer; anything shorter than a calculations; however, the molecular relaxation energy (the
hexamer would absorb at a wavelength shorter than the laserStokes’ shift) is also affected by distortion. In addition, we
wavelength. We therefore conclude that the broad emissionrecently demonstrated that the MEH-PPV emission is strongly
bands observed cannot be due to aggregation but are ratheaffected by the polarity of the local environmeffThis effect
intrinsic to the single chromophorélhe subsequent experi- is observed both in ensemble solvatochromism as well as in
ments address the origin of this monomolecular broadening the single chain Stark shifé. Depending on the overall chain
phenomenon. conformation, the transition energy of molecules embedded in

Direct information on the molecular conformation is available & matrix can be strongly modified by local microscopic electric
from measurements of the polarization anisotropy in excitdtion. fields resulting from a polarization of the immediate environ-
We find that the emission of the single oligomers is generally ment?® At present, it is neither possible nor meaningful to
linearly polarized (34 single heptamers gave an average polariza-Predict all influences of the environment and the molecular shape
tion anisotropyMJ= 0.93), suggesting the involvement of one 0N transition energy. The experiment, however, draws a clear
single linear transition dipole arising from the self-trapped Ppicture: the OPVs exhibit a spectnadd shiftwith increasing
exciton?4In contrast, the excitation, which is probed by rotating chain distortion. Figure 3b shows a plot of the transition
the laser polarization by a/2 plate and monitoring the PL  linewidth (which depends on polarization anisotropy) against
intensity, indicates a departure from a linear absorbing unit for the peak position of the oligomer zero-phonon line. The more
many single oligomer chains, in agreement with recent reports stretched the oligomer is( — 1), the further in the blue the
that even Sing|@ara_pheny|ene dimers can undergo substantial emission occurs. Again, the transition is SmOOth, and no distinct
bending and twisting? This difference between absorption and SPecies can be identified. Although the 17mer on average tended
emission anisotropy arises because absorption probes a largef0 lower polarization anisotropies, that is, a higher probability
region of the molecule than emission, where self-trapping of Of bending due to the greater length, we observed a qualitatively
the exciton due to structural relaxation reduces the number of similar correlation between linewidth, peak position, and
repeat units involved in the electronic excitat®$rFollowing anisotropy (not shown).
from Figure 1, a spatial distortion of the chain will induce a Further evidence for the correlation of linewidth with shape
low polarization anisotropy in absorption without affecting the comes from single-molecule Stark spectroscopy: only the
oscillator strength of the transition. Emission will occur due to narrow and not the broad spectral features of the polymer exhibit
a transition involving fewer monomer units following exciton  a significant linear Stark effeégarising from large static dipoles
self-trapping* and will therefore tend to display a higher degree (>15 D) oriented orthogonal to the backbone. This observation
of polarization. suggests that the static dipoles responsible for the Stark effect,
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Figure 3. Conformational control of 7mer photophysics at 5 K. (a) Correlation between-tleti@nsition linewidth and polarization anisotropy
in excitationfor 98 molecules. (b) Correlation between peak position and linewidth for 191 molecules.

which are most likely induced by the methoxy sidegrotps, €

cancel out in chromophores with spectrally broad emission. A £
possible route for such a cancellation of dipoles lies in the %57
chromophore collapsing into a more isotropic structure, while & 550
maintaining full conjugation. We anticipate that more elongated cu 530
chromophores will also adopt a more planar geometry, with all ®©
dipole-inducing side groups aligned in parallel, thereby leading
to a large collective static dipole amplifying the linear Stark

Wavel

shift. s
If aggregation is not responsible for spectral broadening of g (© . -
the single emitter, then the two remaining physical origins are o 104 = m -, "
ultrafast electronic dephasing and spectral diffusion (i.e., a 5 1 . W '."'
meandering of the maximum emission wavelength). Although "i ] . ._' n " '_
electronic dephasing, which could conceivably depend on shape, T 14 - "
was originally thought to be extremely fast in PPAsnore S g ™
recent single-molecule measurements have lowered the estimat 2 = T ; ; ; r T r
of the homogeneous linewidth dramaticaifyAlternatively, w 0 10 20 30 40 50 60 70

spectral diffusion occurs in all non-resonantly driven systems Linewidth (meV)

as excess excitation energy is dissipated through slight confor-rigure 4. Influence of molecular shape and transition linewidth on
mational rearrangements of the molecule and the surroundingthe temporal stability of 17mer emission at 5 K; (a) narrow spectrum
matrix following excitation?® The more rigid a molecule and  (elongated chromophore), (b) broad spectrum (bent chromophore). (c)
its environment, the fewer configurational degrees of freedom Spectral jitter versus linewidth (bending) for 43 single chains.

exist and consequently the lower the overall influence of

temporal spectral dynamics on the emission. Well-known  Room-temperature single-molecule imaging of OPVs recently
examples of this effect include the emission of single perylene demonstrated that blinking increases in bent molecules with low
molecules in glassy and crystalline matrices, where the latter excitation polarization anisotroy We confirm this observation
case leads to orders of magnitude reduction in linewiitmd and generalize it to the overall spectral dynamics. Figure 4a
the transition from disordered glassy to orderBephase and b shows two example fluorescence traces of single 17mers.
polyfluorene3l-32 where the latter displays improved photo- The narrow emitting species (a) is rather stable with time and
physical stability and reduced spectral jitter. Because the shows only minimal spectral fluctuations. In contrast, the broad
measurement of a luminescence spectrum typically requiresemitting species (b) exhibits increased spectral jumps and
several seconds, spectral diffusion leads to an averaging over &linking. In order to quantify the spectral dynamics, we plot
range of different emission patterns of the molecule, thereby the standard deviatiamof the spectral jump from one spectrum
inducing effective spectral broadeniffyOne way to test this  to the next (the spectral jitter) in dependence of the linewidth
origin of spectral broadening is to study spectral fluctuations (and thus molecular shape). This is shown in Figure 4c for a
on longer time scales and extrapolate to shorter, experimentallytotal of 43 17mer time traces. The jitter rises strongly with
inaccessible timescalés. linewidth, demonstrating that spectral diffusion increases as the
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molecule becomes more bent. Mechanical strain orrthgstem chromophores. The elongated chromophores would then be more
therefore promotes the molecule’s sensitivity to environmental twisted, experiencing greater excited-state relaxation and asso-
influences. Both blinking and spectral diffusion decrease under ciated electronphonon coupling. This assertion, however,
improved structural rigidity. Because fluorescence intermittency appears in conflict with the observation of the linear Stark
is a prerequisite to photobleachifywe conclude that the  effec€® in the elongated chromophores, which suggests that
extended chromophores are photochemically more stable. interring torsion is minimized to ensure all dipole inducing

The PL of MEH-PPV is Strong|y quenched and shifts to the baCKbone substituents line up ina plane. |.n aintion, We haVe
blue upon photo-oxidation. This blue shift is generally attributed Previously reported that the strength of vibronic coupling in
to areductionin effective conjugation length due to oxidatibn. ~ MEH-PPV can scatter widely from chromophore to chro-
Our data suggest an additional important effect: the bent Mophorez® Wavelength-dependent anisotropy measurements
polymer chromophores emit in the red and are less stable toMay provide further insight into the subtle interplay between
environmental influences; consequently, they will oxidize first. "ng torsion and chain bending. Although the lowest excited
With the lower energy units removed from the intramolecular State probed in the present experiments is expected to give rise
energy transfer cascadé excitation energy becomes trapped [0 @ transition dipole c.)rlented. predommantly alpng t.he long
on the less-deformed units of higher energy, with the overall molecular axig$ off-axis tran5|t.|ons have been. |dent'|f|ed at
molecule thus emitting in the blue. Our preliminary calculations Shorter wavelength®. Further important questions include
(Figure 1) indicate that the conjugation length (the oscillator whether the relation between spectral broadening and bending

strength) remains unchanged as the heptamers are bent and thii@" @lso be identified in single-chain PL excitation spectroscopy
change their emission color. Concomitantly, we observe no and Whe_ther time-resolved fluor_e_scenqe can provide |nS|ght|n_to
wavelength dependence of the single-molecule emission inten-t€ oscillator strength of transitions in dependence of chain
sity. Because these oligomers clearly serve as suitable model2€nding, thereby providing important feedback to optimize
of polymer chromophores, we conclude that the emission duantum chemical models.

wavelength of a polymer chromophore does not necessarily . f;l'heintrarﬂolelcqularczair_] ccl)nformat_ion of OPVs dr?ruatically |
provide unambiguous information about its conjugation length. nfluénces the photophysical properties. Because of the compel-

In contrast to general expectation, a spectral blue shift in MEH- "9 Spectroscopic similarities between oligomers and polymers,

PPV may therefore not be a direct signature of a change in actualV€ Propose that the key rgsults apply to chrom(_)phores_ on the
7 delocalization. This observation is important in view of the PPV chal_n. The ot_)sgrvatlon of such a surprising variety of

recent suggestion by Lee et al. that the observation of narrowSpef:tral signatures in isolated r."o'eC”'es should nvite Spectros-
transition lines in PPV in the blue spectral region of the COpISts o revisit prior Z?Xperlments on the assignment of

ensemble emission may be a signature of oxidative effécts. aggregation phenome##Z'We expect to be able to generalize

Apparently, the opposite is true: the narrow transitions actually at Ifarﬁt_sor}:ﬁ of hth? da:jbc;vte obserl\/iglorr]s tongtr:eL pnoéymr?(;
correspond to the most stable chromophores. However, emissio ystems.  afthough ladder-typ€ polymers cannot bend a
from the blue narrow chromophores will only be observed if geperglly exhibit the same transition Imew@tﬁ,we .have. seen
intramolecular excitation energy transfer can be switched off thd;?r?tt')oe?%i?r iar11 fiori;yegl.atﬁggebegﬁfunofer:gﬁntrl:ge(;v;f;ho?nd
by working at sufficiently low temperaturé® Once thermally 9 9i-p poly :

. 4 - lyfluorene, however h rrelation rs only in th
activated intramolecular excitation energy transfer oceélrs, polyfluorene, however, such a correlation occurs only in the
emission will arise from the lower energy broad emitting bent polarization anisotropy iemission not in excitation 3-phase

chromophores. In this context it is also rewarding to note that polyfluorene therefore indicates the presence of a spatially highly

- . . delocalized excitation rather than the strongly self-trapped
we recently succeeded in mapping the progression of narrow _~ """ . ) . h
L . exciton in the present case, which always gives rise to linearly
PL transition lines of a polyara-phenylene) directly to the

single-chain Raman scattering speéfrdemonstrating directl polarized emission. A direct consequence of the present
gie-ch g spectrag g Y'  observations for device applications is that increasing the amount
that it is indeed the narrowest transitions that correspond to the

chemically purest species of elon_gated mc_nlecules_ c_om_JId Iead_ toa substanti_al incre_a_se in
o o operating stability. Optimizing devices such as light-emitting
At present, our initial experiments cannot access all of the giodes and solar cells in terms of stability and performance
subtle details of the relation between chromophore bending andherefore requires direct control over the conformation of the
spectroscopy. Most importantly, bending need not relate directly individual chromophore by, for example, chemical encapsulation
to twisting of the chain, an important consideration to make of the chain or bulk superstructure formation using block
when attempting to calculate the electronic structfifé:**%  copolymers. We have thus far not been able to elucidate what
For example, we take note that the Huang Rhys factor, given actually drives the conformational variation of the conjugated
by the strength of the €C vibronic progression, actually  chain in the matrix but only illuminate the role of shape in
appears somewhat larger in the straight chromophore in Figureemission. Building on the experience of controlling the overall
2a than in the bent one, whereas the Opposite is true for thepolymer chain (rather than the Chromophore) Conformdﬁ@-n,
polymer in Figure 2c. The Huang Rhys factor measures the fyrther investigations employing different matrices and prepara-
strength of electron-phonon coupling, which is determined by tion conditions are expected to reveal how certain preferential
the overall shift in molecular nuclear coordinates between the conformations can occur, which will in turn control the ensemble
ground and excited stateThis shift arises from a change in  emission characteristics.
bond alternation, which is in turn a measure of conjugation.
We cannot presently make a conclusive statement about the Acknowledgment. We are grateful to W. Stadler and A.
effect of shape on conjugation length but can provide some Helfrich for technical assistance. Financial support by the
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potentially reduce intrachain twisting because it should enhanceexcellence cluster NIM of the DFG is gratefully acknowledged.
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